The development of methods for rapid and sensitive determination of neurotransmitters and their precursors and/or metabolites has been a challenging goal for many years since they provide valuable information for disposition dynamics rather than the static levels of neurotransmitters. Acetylcholine (ACh), a main neurotransmitter in both the peripheral and central nervous systems, is found in mammalian brain tissues. Despite intensive research, the roles of neurotransmitters in the central nervous system are much less delineated, although it is generally considered that ACh is involved in temperature and blood pressure regulation, motor coordination, learning, memory, etc.
Gas chromatography-mass spectrometry (MS) included timeconsuming clean-up and derivatization procedures. 8 Though high performance liquid chromatography (HPLC) coupled with MS or with tandem MS required minimal sample preparation and no derivatization, it had relatively inadequate quantitation limits [9] [10] [11] [12] HPLC-electrochemical detection (ECD) with immobilized acetylcholinesterase (EC 3.1.1.7, AChE) and Ch oxidase (EC 1.1.3.7, ChOx) reactors as column reactor 13, 14 or with coimmobilized AChE/ChOx bienzyme electrode 15 were suited for the sensitive determinations of Ch and ACh; the detection limits and sample throughput have been reported to be 1 and 3 nM for Ch and ACh, respectively, and 3/h. 15 The slower flow rate is preferable to the conversion efficencies for the analytes to H2O2 and to the sensitive detection of the H2O2, but the decreased sample throughput is undesirable to follow minutely the dynamics of ACh and Ch.
For the rapid assays, though there have been many flow injection (FI) methods with immobilized ChOx or coimmobilized AChE/ChOx for the determination of Ch or ACh, [16] [17] [18] [19] [20] a split-steam FI system with chemiluminometric detection using three immobilized enzyme column reactors such as an immobilized ChOx, an immobilized catalase and a coimmobilized AChE/ChOx, and using ferricyanide-catalyzed luminol reaction have been developed for simultaneous determination of Ch and ACh. 21 In a split-stream FI system with column reactors, generally, sample plugs from the reactors disperse into the carrier stream and are, moreover, diluted with the carrier solution from other streams; the resulting peak broadening causes lowering of sensitivity and sample throughput. Flow-through sensors based on the integration of conversion reaction and detection reaction in a flow cell have been designed to solve the problems. [22] [23] [24] We have recently proposed chemiluminometric biosensors for simultaneous determination of oxidase substrates on the basis of integration of oxidase reactions and peroxidase (POx)-catalyzed H2O2/luminol detection reactions, which involved no separation process. 25, 26 This paper describes the performance of a rapid and sensitive flow-through sensor for the simultaneous determination of ACh and Ch without separation of the analytes. The sensor was based on the integration of ChOx and AChE reactions, and the POx catalyzed luminol chemiluminescence (CL) detection reactions. In this work, four kinds of immobilized enzymes were packed into an ETFE (polyethylene tetrafluoroethylene) tube. ChOx and POx were coimmobilized on hydrophilic vinyl polymer beads to obtain coimmobilized enzymes such as ChOx/POx and ChOx, AChE and POx were immobilized separately. The immobilized enzymes were aligned as ChOx | POx | AChE | ChOx/POx. The tube was used as a flow cell. First, in the immobilized ChOx, Ch is converted completely into betain with a concomitant formation of H2O2 and then the sample plug containing the H2O2 moves down to the immobilized POx, in which POx catalyze the luminol CL reaction; the CL is instantaneous. The reaction schemes are as follows:
Ch + 2O2 + H2O betaine + 2H2O2
Luminol + 2H2O2 + OH -aminophthalate + N2 + 3H2O + hν (420 nm)
The sample plug free from Ch and H2O2 flows into the immobilized AChE in which ACh is hydrolyzed to Ch and acetic acid. The esterase reaction scheme is as follows:
Finally, the Ch was oxidized and determined with coimmobilized ChOx/POx. Therefore, a two-peak response was obtained by a single injection of sample solution; the peak heights for first and second peaks are based on the concentrations of Ch and ACh, respectively. The sensor system was applied to the simultaneous determination of ACh and Ch in rabbit brain tissue homogenates.
Experimental

Chemicals and reagents
All enzymes were from commercial sources. AChE (from electric eel, 1100 U mg -1 ) was purchased from Sigma (St. Louis, USA). ChOx (from Alcaligenes sp., 15 U mg -1 ) and POx (EC 1.11.1.7, from Arthromyces ramosus, 250 U mg -1 ) were obtained from Toyobo (Osaka, Japan) and Suntory (Osaka, Japan), respectively.
Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione), tresyl chloride (2,2,2-trifluoroethanesulfonyl chloride), choline chloride, and acetylcholine chloride were purchased from Nacalai Tesque (Kyoto, Japan) and used as supplied without further purification.
Hydrophilic vinyl polymer beads (TOYOPEARL HW-65F) were from Tosoh (Tokyo, Japan). A stock solution (1 mM) of Ch was prepared by dissolving in 0.2 M sodium hydrogen carbonate-0.2 M sodium carbonate buffer (pH 10.0). Standard ACh solutions were prepared in water just before use. A stock solution (10 mM) of luminol was prepared by dissolving in 0.2 M carbonate buffer (pH 10.0) and the solution was stored in an amber glass bottle.
Apparatus
FI experiments were performed by using a Hitachi (Tokyo, Japan) L-6000 pump, a Sanuki (Tokyo, Japan) SVM-6M2L sixway valve (alkaline proof, dead volume 4 µl) with a 2 µl loop, and a Soma (Tokyo, Japan) S-3400 luminometer that included a flow cell packed with immobilized enzymes and a photomultiplier tube with -900 V. Signals were recorded by a TOA (Tokyo, Japan) FBR251A recorder. The complete FI system is shown in Fig. 1 . A Hitachi Model 200-20 UV-vis spectrophotometer was used for the spectrophotometric measurements.
A PTFE tubing (0.5 mm i.d., 15 cm long) was used to connect the valve and the flow cell.
Preparation of immobilized enzymes
The beads were air-dried and sieved to obtain a 50 ± 10 µm fraction. Just before their use, each enzyme preparation was dissolved in 0.1 M phosphate buffer (pH 7.0) and filtered through an ultrafiltration membrane (Advantec Q0100) to eliminate amino compounds such as Tris and amino acids which were present in the enzyme preparations as stabilizers. The enzyme activities were measured at 500 nm with 4-aminoantipyrine method. Four kinds of immobilized enzymes such as immobilized ChOx, immobilized POx, immobilized AChE, and coimmobilized ChOx/POx were prepared and packed into a transparent ETFE tube (1.5 mm o.d., 1.0 mm i.d., 75 cm length, limiting pressure 80 kg cm -2 ), as shown in Fig. 2 .
The beads (1 g for ChOx or AChE and 0.5 g for POx or ChOx/POx) were tresylated with tresyl chloride in a similar manner to that described previously. 27 The tresyalte-beads were suspended in 5 ml of 0.1 M phosphate buffer (pH 7.0) containing ChOx (2 mg), POx (2 mg), AChE (2 mg) or ChOx/POx (2 mg:1 mg) at ambient temperature (25 ± 2˚C) for 2 h with occasional shaking. During the immobilization process for ChOx, the absorbance at 280 nm was monitored. The absorbance was reduced to one-third its initial value within 1.5 h; maximum immobilization for ChOx was 1.3 mg ChOx/1 g of beads (66% yield). POx and AChE were immobilized with 86 and 63% yields, respectively. The immobilized enzymes were packed, in turn, into the tube by a slurry packing method. The end of the tubing was closed with a ceramic frit (pore size 0.5 µm). The tubing was coiled spirally and used as a flow cell.
The flow cell was washed with 0.1 M Tris-HCl buffer (pH 8.0) to saturate the free sites. When not in use, the cell was washed with phosphate buffer (pH 7.0) and stored in a refrigerator.
Preparation of rabbit brain homogenates
Pentobarbital sodium (300 mg) was injected into Japanese white rabbit (2.5 kg). About 2.6 g of rabbit brain (the whole was 8.1 g) were taken and homogenized in a tissue homogenizer with 13 ml of a 0.2 M HClO4 solution, while keeping the homogenizer tube in ice bath. The homogenate was centrifuged at 10000g for 15 min, and resulting supernatant was stored at -80˚C in the dark. Before analysis, a sample aliquot was thawed and filtered with an ultrafiltration membrane (Advantec USY-1, molecular weight cut-off 10000). The solutions containing known amounts of ACh were added to the filtrate and the mixtures were diluted 200-fold with the carbonate buffer (pH 10.0). The sample solution was typically injected. Also, the sample solution was assayed by an HPLC-ECD with post-column reactor containing coimmobilized AChE/ChOx; [28] [29] [30] 
Procedure
The FI system used in this study is shown in Fig. 1 . The carrier stream was a 0.1 mM luminol in 0.2 M carbonate buffer (pH 10.0) and was pumped at a flow rate of 0.3 ml min -1 . Temperature was ambient (25 ± 2˚C).
Results and Discussion
Behavior of the sensor
Factors which are important in designing the flow-through sensor for simultaneous determination of Ch and ACh are resolution and sensitivity (peak height); the resolution of Ch and ACh peaks is defined as the ratio of the peak separation to the mean peak width. The sample plug is first mixed with the carrier solution (luminol solution) and the ChOx reaction takes place when the mixture arrives at the surface of the particle containing immobilized ChOx by convection and diffusion. The CL reaction takes place when the sample plug which contains the H2O2 produced from the ChOx reaction is in contact with immobilized POx. Only the CL which emits from the exterior of the immobilized POx is measurable, because most of the CL reaction take place in the interior of the immobilized POx. As the sample plugs move down the flow cell in which immobilized enzymes were packed, they always broaden. Therefore, the most important phenomenon in the chemiluminometric flow-though sensor is dispersion; the sample dispersion which induces mixing and transfer must be optimized.
In a packed bed enzyme reactor, the dispersion is dependent on the diameter of enzyme support particles, the flow rate, and the reaction length. 31 In this study, particle size of 50 ± 10 µm was inevitably limited owing to the maximum tolerable pressure drop (80 kg cm -2 ) for the tube (75 cm) at a flow rate of 0.6 ml min -1 . To evaluate the effect of the flow rate of luminol solution on the peak widths at half-height and the peak heights, the luminol solution was pumped from 0.1 to 0.6 ml min -1 . The flow rate dependence for both Ch and ACh peak heights is shown in Fig. 3 . With increasing flow rate, the peak heights for both analytes increased and the peak shapes were apparently sharpened. With an increase in flow rate, the peak widths (in ml) increased rapidly, the peak separation (in ml) was gradually increased, and, therefore, the resolution (Rs) decreased rapidly, as shown in Fig. 4 ; the dispersion caused an increase in peak width which led to decreased sample throughput and poor resolution.
The relative peak height and relative peak area (relative total amount of emitted light) that was the peak height (in relative) times peak width at half-height (in ml) increased with an increase in the flow rate, as shown in Fig. 5 . From these results, it is apparent that the enzymatic conversion efficiencies of immobilized ChOx and AChE were almost 100%. In this chemiluminometric flow cell packed with small particles containing POx or ChOx/POx, light emission (peak area and peak height) was highly dependent on dispersion, unlike conventional photometric and electrochemical detections; on the detections, the dispersion results in low peak height (sensitivity). Fig. 4 Effects of flow rate on the resolution values and peak widths at half-height for the peaks. Rs, resolution; PS, peak separation (in mL); WA and WC are peak widths (in mL) at half-height for the Ch peak and for the ACh peak, respectively. using 1.5 µM Ch or H2O2 under the conditions shown in Fig. 1 , keeping the length of the immobilized POx 5-cm; above 25-cm length of the immobilized ChOx permitted the 100% conversion and no second peak based on the POx reaction in the coimmobilized ChOx/POx. A 30-cm immobilized ChOx and 5-cm immobilized POx were selected; under such conditions, the peak height and peak width for 1.5 µM Ch were identical to those for 1.5 µM H2O2.
The resolution decreased with an increase in the total injection volume (the loop volume plus the dead volume (4 µl) in the valve); maximum injection volume was limited by the volume of the solution held in the immobilized AChE (the dead space in the immobilized AChE). At a sample volume of 10 µl, the resolution was 0.54. As a compromise among the resolution, sensitivity and sample throughput, a flow rate of 0.3 ml min -1 and a loop of 2 µl (total injection volume was 6 µl) were selected because increased resolution is needed since a major peak for Ch is adjacent to a minor peak for ACh. Under the conditions, resolution value and sample throughput were 1.0 and 25 h -1 , respectively.
The influence of the concentration of Ch in the mixture on the peak height of ACh was studied using a series of 100 nM ACh standards containing from 200 nM to 1.0 µM Ch. The peak height was compared to a 100 nM ACh standard containing no Ch. Ch concentrations of up to 1.0 µM did not affect the peak height for ACh.
The effect of pH on the activities and stabilities of the immobilized enzymes for H2O2, Ch and ACh was studied over the pH range 9.0 -11.0 using carbonate buffer. Maximum sensitivities were achieved at pH 10.0 for all substrates. On the operational stabilities, the luminol solution (pH 10.0) was pumped 4 h in a day for two weeks and each sample solution containing a substrate (1.0 µM) was injected every 10 min. The flow cell was washed with 0.1 M phosphate buffer (pH 7.0) and then stored in a refrigerator when not in use. The decrease of peak heights obeyed almost first-order kinetics. The half-life periods of the POx, ChOx and AChE were 40, 29, and 7 days, respectively.
The influence of the luminol concentration on the activities of the immobilized enzymes was studied over the range 10 to 500 µM. The sensor exhibited constant peak heights in the luminol solutions ranging over 50 -300 µM for 1 µM Ch and 1 µM H2O2, respectively, and over 80 -500 µM for 3 µM ACh. A 100 µM luminol (pH 10.0) was chosen.
Simultaneous determination of Ch and ACh
The peak heights were measured by changing the concentrations of Ch and ACh, keeping the concentration ratio of the analytes at 4:1. Linear responses of the calibration curves were observed from 1 to 1000 nM Ch with a correlation coefficient of 0.999 (15 data points) and from 3 to 3000 nM ACh with 0.995 (20 data points). The slope of the graph for Ch was 1.38 times that of ACh. The detection limits (signal-tonoise ratio = 3) were 0.5 nM Ch and 2 nM ACh, respectively. A mixture of Ch and ACh (100 nM each) was repeatedly analyzed for 5 days. The system was used for analyses of 45 samples for 3 h in a day. The peak heights for Ch and ACh had within-day relative standard deviations (RSDs) of 0.73 and 1.2% and day-to-day RSDs of 0.89 and 4.7%, respectively; the poor RSDs for ACh was due to the lability of the operational stability of the immobilized AChE activity.
Application
The present method was applied to the simultaneous determination of Ch and ACh in brain tissue homogenate from a rabbit. Effects of flow rate on the peak heights and peak areas. HC, peak height for Ch peak; HA, peak height for ACh; AC, peak area for Ch peak; AA, peak area for ACh peak. for ACh, and 3.6 and 4.0% for the HPLC-ECD, as shown in Table 1 .
Conclusions
In the present study, the chemiluminometric behavior of a flowthrough sensor based on H2O2-dependent POx catalyzed luminol reaction was investigated. The results reveal for the first time that the sensitivity (peak height and/or peak area) increases with an increase in flow rate of the carrier stream, unlike the other detections. This arises from the fact that light emission from the flow cell is highly dependent on the extent of the dispersion of the sample plug. This holds great promise for development of high throughput and highly sensitive FI systems for H2O2 and the oxidase substrates.
We have demonstrated that a chemiluminometric flowthrough biosensor with integration of immobilized ChOx, POx, AChE and coimmbilized ChOx/POx is able to sensitively and simultaneously detect Ch and ACh in complex matrixes with no need for a chromatographic step. The method is fast, it is applicable to the assay of brain tissue homogenates, and it required a small sample volume; the sample throughput of 25/h and sample volume of 6 µL. Though the sensor permitted the measurements of more than 200 samples for 5 days, the longterm operational stability must be improved by developing AChE with more stable activity. This new biosensor shows promise in meeting the strong demand for simple, rapid, simultaneous determination of substrate and its precursor/metabolite, such as glutamic acid and glutamine or creatine and creatinine, in a flow injection system.
